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1. Introduction

Recent military engagements have shown the need for precision strike capability in
GPS-denied environments especially at the squad level and against moving targets.
To address these challenges the US Army Research Laboratory (ARL) has invested
in enabling technologies such as vision-based navigation and high-maneuverability
airframes. ARL is designing an 83-mm demonstrator vehicle as a platform to
develop and evaluate these technologies and algorithms on precision-guided
munitions. As part of this mission, a series of subsonic and transonic wind tunnel
experiments were conducted to validate state estimation and control algorithms,
parameterize and quantify flight behavior, and assess the performance of the
Control Actuation System (CAS). This report focuses on the design and
implementation of the dynamic, 3-degree-of-freedom (DOF) wind tunnel model
and sting that enabled these experiments.

Dynamic wind tunnel experiments have been conducted for decades, however,
most of these experiments use external forces to drive and position a sting-fixed
model. These vary from simple rolling stings® to stings with elastic elements®? to
1-DOF driven models,*° 2-DOF driven models,® and 3-DOF driven models.” Some
dynamic tunnel experiments do not rely on stings at all. A notable example is a
5-DOF cable-driven, forced-oscillation apparatus used in the National Aeronautics
and Space Administration (NASA) Langley Research Center’s transonic dynamics
tunnel 2 One of the most sophisticated positioning systems currently available is the
6-DOF parallel kinematic model position mechanism operated by German-Dutch
Wind Tunnels.® This mechanism has been used successfully on a variety of
programs.0-13

Few experiments have been done using freely moving models without mechanical
constraints. Rajamurthy conducted 1-DOF pitch experiments at low subsonic
velocities and collected pitch data via a potentiometer.!* In contrast to forced
oscillations, this model maneuvered itself using onboard servos that controlled the
elevons. Gnemmi and Rey conducted supersonic 1-DOF pitch experiments using a
projectile that was released via a piston actuator. Angle-of-Attack (AoA) was
measured via high-speed video imagery. Pitch damping as well as the pitch effect
of the projectiles’ plasma actuators were investigated.*® While these are similar to
what we want to accomplish, they are incredibly limited for our purposes given our
goals.

The goals of this project are to create a dynamic model capable of the following:
« Three rotational DOF
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« Ability to independently lock each DOF

« Onboard feedback on all axes

« Approximately 0.1° resolution on all feedback mechanisms

« Send feedback data to the Guidance Electronics Unit (GEU)

« Model motion driven by GEU-controlled CAS

« Onboard data recording and/or telemetry

. Controlled model release at several fixed AoA and roll positions

« Minimize impact of sting and model release on projectile dynamics
« Robust and reliable performance

Researchers at the French—-German Research Institute of Saint—Louis (ISL) are
investigating similar guided projectiles’ airframes, guidance techniques, and
dynamic, model-driven wind tunnel experiments.'®® The experimental fixture is
very similar to the fixture detailed here and meets many of the listed goals, but
differs in a couple of key aspects—primarily the 3-DOF gimbal design and
operating velocity. ISL opted for an external gimbal assembly (see Fig. 2 in
Section 3) and are testing at an order-of-magnitude lower velocity; however, we
share the experimental objectives listed previously.

2. Overview

A wind tunnel model was created that accomplished these goals. The design
consisted of 3 main components, a CAS section containing 4 independently
controlled canards, an instrumented midbody control section with a GEU and
3-DOF gimbal assembly, and a tail section with an internal translating mass for
balancing (Fig. 1). Due to the unique nature of this experiment, subsonic wind
tunnel experiments were planned in 2 separate wind tunnels, a continuous-flow
subsonic tunnel and a blow-down transonic wind tunnel. The subsonic tunnel was
used for initial system performance evaluation at lower loading conditions as well
as direct force and moment measurements. The transonic tunnel was operated at
high subsonic velocities, which is representative of the flight environment. Two
release mechanisms were designed, one for each tunnel. Three stings were
designed: one for the transonic tunnel, one for the subsonic tunnel without a force-
moment balance, and one incorporating a balance.

Approved for public release; distribution is unlimited.
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. Control . . .
CAS Section . Tail Section Sting
Section

Fig. 1  Full wind tunnel model assembly with subsonic sting

3. Gimbal Assembly

When designing the model, the first major consideration was the best way to
implement a 3-DOF sting. The 3-DOF gimbal assembly could be either inside or
outside the test article (Fig. 2). Both options have their own advantages and
disadvantages. An external 3-DOF assembly would be able to achieve larger
deflection angles and would be easier to construct and instrument with feedback.
However, the gimbal cage support structure will disrupt the flow around the test
article as well as add substantial inertia to the system. Increasing the size of the
external cage can minimizes the flow effects of the support structure, but increases
the inertia and stresses. If the gimbal cage assembly is inside the test article, then it
would not obstruct the flow. Instead, the main drawback would be space constraints
and maximum total AoA due to body-sting interference. An internal gimbal
assembly was selected because minimizing inertia changes and flow perturbations
were weighted more heavily than ease of construction and larger AoA potential.

Fig.2  External gimbal assembly (left) and internal gimbal assembly (right)
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To achieve 3 rotational DOF, the internal gimbal assembly had to isolate the 3-DOF
with respect to each other, with the outermost cage fixed to the body (orange) and
the innermost cage (black) revolving about the sting as shown in Fig. 2. As
discussed, the main challenge with this design was fitting all the necessary
components inside the body while leaving space for the test article to maneuver.
This rig is designed to slide inside any generic test article. However, the design was
geared towards current research projects with properties shown in Table 1.

Table 1 Experimental projectile nominal properties

oD ID Mass CG laxial ltrans Mach Loadmo.2 Loadmo.6
(mm) (mm) (kg) (mm) (kg-m*) (kg-m?) (M) (N) (N)
83 71 2.65 264 0.0034 0.0388 0.6 35 100

The nominal inner diameter (ID) presents considerable challenges. The driving
design parameters of the 3-DOF gimbal assembly were as follows: bearing/sting
diameter, feedback sensors, and locking mechanisms. Increasing the sting diameter
permits larger loads at the cost of increasing the sting-body interference, thus
decreasing the total achievable AoA. As bearing size increases so does the size of
each of the 3 cages, which makes instrumenting each axis with feedback
increasingly difficult especially considering that some of the feedback sensor must
move with the cage and not interfere with the body. After looking into commercial-
off-the-shelf bearing options, a 0.375-inch ID bearing was selected because it gave
the best balance between sting stiffness, total AoA, and axis instrumentation for
this caliber munition.

After a bearing was selected, survivability and performance of the sting was
examined. Estimated loading conditions were provided using simulated data for the
maximum subsonic wind tunnel velocity (M 0.2) and at the operating velocity of
M 0.6 in the transonic tunnel (Table 1). Section 4 contains a detailed finite element
analysis (FEA) study of the various sting designs.

Figure 3 shows the 3-DOF gimbal assembly with the sting and bearings.
Instrumenting all 3 axes posed considerable space challenges. The roll axis was
trivial compared to instrumenting the yaw and pitch axes because of the available
space and the ease of adapting to a cylindrical sting. An AMT10x series quadrature
encoder from CUI, Inc., was selected as the roll encoder because of the resolution,
small size, flexibility on shaft selection, and robust metal housing. Maximum roll
rate was not a driving factor due to the nonrolling airframe being considered;
however, the AMT10x series encoder is capable of 125 Hz at maximum resolution.
Taking into account both quadrature signals and comparing them improves the
resolution by a factor of 4 due to the 90° phase offset between both signals.
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The test article is also pitching and yawing and since the roll encoder is fixed to the
stationary sting, interference between the encoder, the GEU, and body had to be
considered and avoided.

Surface fixed to maneuvering model

Yaw Axis

Yaw Cages

Roll Axis/ fixed sting

Pitch Axis

Pitch Cage

Roll Cage
Fig.3  Three-DOF gimbal assembly

The yaw and pitch feedback sensors had to be low profile to avoid interference
which placed substantial limits on the height of the encoder. The only encoders that
achieved both the size and resolution goals were magnetic encoder integrated
circuits (ICs). An AS5045B absolute magnetic position sensor was selected
because it met these requirements. Furthermore, its pulse width modulation output
was easily interpreted by the GEU. This encoder required a diametrically
magnetized magnet to detect the changes in magnetic flux orientation. The magnets
were embedded into the shaft axes as shown in Fig. 4. Custom printed circuit boards
were required to mount the IC sensor and position it over the magnet. This sensor
only tolerated 0.25 mm of misalignment between the magnetic axis and the
AS5045B’s magnetic axis. Table 2 shows the encoder properties for the 2 selected
encoders.
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Diametric Magnet

imbedded in shaft
PCB (shown in

transparency)

AS5045B

Fig.4  Gimbal assembly with feedback

Table 2 Encoder properties

Postprocessing

AXis Encoder Type (subﬁiz) counts For(nrwn 2;: tor
b (°/count)
Capacitive 2048
Roll AMT102 quadrature (0.176) 8192 (0.044) 28.77 x 43.38 x 9
12-bit magnetic 4096
Yaw/pitch  AS5045B (integrated (0.088) NA 7.8%x6.2x1.86

circuit)

A method to independently lock each axis with respect to one another was also
required. The locking mechanism must cause physical interference between each
adjacent cage without obstructing the motion of the other cages around it. More
simply, the sting must lock rotation between itself and the roll cage, the roll cage
must lock with respect to the pitch cage, and the pitch cage must lock with respect
to the yaw cage (Fig. 3). The roll cage was locked to the sting using set screws.
They needed to be reinforced by Heli-coil thread insert because the cages were
additively manufactured in a glass-fiber reinforced polymer that did not allow
sufficient torque to be applied to prevent rolling. Set screws could not be used on
the pitch and yaw cages because of interference with the bearings and a lack of
support material. Bolts were added that pressed on the aft surface of the pitch cage
as shown in Fig. 5. This allowed roll-pitch locking and pitch-yaw locking.
Adjusting the depth of the bolts changes the angle between the 2 cages. Using this
system, yaw, pitch, or roll can be locked at any angle within the operating range of

Approved for public release; distribution is unlimited.
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+9°. The locking bolts were typically set at 0° or were unscrewed so they did not
make contact with the pitch cage to allow unconstrained motion.

Roll locking set screw

Roll: Continuous

Pitch: +9°

Fig.5  Gimbal assembly with axis locking mechanisms

The gimbal assembly must be installed inside the test article with the assembly
center (the point where roll, pitch, and yaw axes intersect) at the predicted center
of gravity (CG) to accurately simulate the movement in free flight (Fig. 6). The
axial and transverse moments of inertial as well as the total mass must be as close
as possible to the predicted projectile values to get accurate results. A translating
steel counterweight was added to the tail to adjust the CG and care was given to
ensure the translating mass did not interfere with the sting during maneuvering
flight (Fig. 6). The overall weight and moments of inertia were tweaked to within
approximately 15% of their theoretical values by adjusting the material thicknesses
of additive manufactured parts as well as the mass and location of the
counterweight. Actual weight and inertia measurements were performed prior to
testing and the results are shown in Table 3.
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Translating Mass

Fig. 6  Cross-sectional view

Table3  Wind tunnel mass properties compared to nominal mass properties

oD Length Mass CG laxial ltrans
(mm) (mm) (kg) (mm) (kg-m?)  (kg-m?)
Nominal 83 427 2.65 264 0.0034 0.0388
WT model 83 429 2.23 266 0.0027 0.0321

Various additive manufacturing methods were used for this project.
Stereolithography was used for the GEU board support and the control section body
due to the high tolerance of the printed parts. A selective laser sintered glass fiber-
reinforced polymer was used for the gimbal assembly, CAS section, and nose
section where high strength was required. The control section/CAS support
interface proved incapable of tolerating larger loads and both parts have since been
traditionally manufactured from aluminum alloy. For further details, Experimental
performance is discussed in Section 8.

4. Sting Design

FEA was done to select and qualify sting designs for wind tunnel experiments. One
sting was analyzed for use in subsonic wind tunnel experiments and 2 candidate
designs were analyzed for use in transonic wind tunnel experiments; a stepped
design and a tapered design. All stings shared a common front end interface to the
roll encoder and gimbal assembly. Table 1 shows the loading conditions for the
subsonic (M 0.2) and transonic (M 0.6) wind tunnels and the load was applied on
the bearing surface. To achieve the objective of 9° range of motion, the maximum
sting diameter was limited to 0.494 inches, where the tail fins interfere with the
sting.

Approved for public release; distribution is unlimited.
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Table 4 and Figs. 7-9 show the inputs and results of FEA analysis on the 3-sting
concepts. The subsonic sting was deemed acceptable despite 25-mm deflections
because the simulated load is transient and the purpose of the subsonic wind tunnel
experiments was to flush out any hardware or software problems and validate
control algorithms in a slower, continuous flow wind tunnel. The stepped variant
of the transonic wind tunnel sting was selected for use in the transonic tunnel
because the tip deflections were 1.3 mm less than the tapered variant with negligible
differences in stress.

Table4  FEA inputs and results

Yield

Material Load strength Max stress Peak deflection
(N) (MPa) (MPa) (mm)
Subsonic 17-4 PH 35 1172.1 697.9 25.43
sting
Tapered sting 1L'30%H 100 1379.0 431.1 8.587
Stepped sting 11"3&3“ 100 1379.0 479.8 7.255

T TT

Fig.8  Transonic tapered sting: von Mises stress (top) and deflection (bottom)
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¥ L

Fig.9  Transonic stepped sting: von Mises stress (top) and deflection (bottom)

Another sting was designed to support force and moment data collection using a
3/4-inch balance in the subsonic wind tunnel. The objective of these experiments
was to directly capture canard forces on the maneuvering body. Ideally, the balance
center should be at the CG of the body, but in this case the gimbal assembly
occupied that location. The data can be converted from balance coordinates to body
coordinates by using the moment arm (distance) from the CG to the balance center.
Figure 10 shows a cross-sectional view of the 3-DOF gimbal and the sting-balance
assembly. It was important to protect the balance in the event the model was driven
to the end of its range. To accomplish this, a tapered section was added to the
balance-tunnel adapter to interfere with the tail section prior to balance-tail contact
(Fig. 10). This decreased the operating range from £9° to £7°.

Balance-Gimbal Adapter Balance

Balance-Tunnel adapter

Balance Center Sting-Tail Interference Zone

Fig. 10 Cross-sectional view of the gimbal, sting, and balance

5. Release Mechanism Design

A release mechanism is required to release the test article at a known AoA at the
proper time while maintaining strong engagement during wind tunnel spin-up.
Three release mechanisms were designed for these experiments, 2 variants for the
subsonic wind tunnel and 1 for the transonic tunnel. The first series of experiments
were conducted in a continuous subsonic wind tunnel; however, this rig
prematurely deployed in the transonic wind tunnel due to excessive vibration.

The release mechanism must have a sting-fixed component and an interference
component that positions the model. The interference part must not only position
the model but also prevent the model rotating with respect to the sting-fixed
component. The locking mechanism must be easily and reliably deployed without
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excessive force or inducing model motion. A piston release mechanism such as the
one used in Strub et al.*® could work for these experiments but the cost, complexity,
and time to implement made this solution less desirable than the additive
manufactured alternatives illustrated in Figs. 11 and 12 (Section 6). A piston release
would be more attractive if a stronger engagement force was required and
pneumatics equipment was available in-house.

6. Subsonic Wind Tunnel Release Mechanisms

The subsonic model release relied on threaded plungers with an imbedded spring-
loaded ball-nose that contacted depressions on the sting-fixed component. The
tension between the fixed and free components of the model release could be
tailored by adjusting the spring force applied by the ball-nose. This was
accomplished by screwing/unscrewing the threaded plunger. Proper tension was
important because too little tension and the interference component could vibrate
off during tunnel spin up. Too much tension increased the force required by the
operator, which could cause the string to break or induce model motion during
deployment.

It is crucial that the sting-fixed half of the release mechanism be noncircular to
prevent the model and the interference half of the release mechanism from rotating
with respect to the sting. Three separate interference components were made
corresponding to 0°, 3.5°, and 7° initial body angle. Rotating the interference part
90° allowed switching between initial pitch angle or initial yaw angle.

When deployment was desired, the operator pulled on a string attached to the
release mechanism and routed outside the tunnel (Fig. 11). As the fixture moved
backwards, the ball-nose plunger left the depression in the sting-fixed component
further compressing the springs. Once the interference component cleared the fixed
component, aerodynamic forces took over and drove the fixture into the sting
support. A foam damper was added to cushion the impact against the sting support.
After the deployer was activated, the model was free to move in any unconstrained
direction.

Figures 11 and 12 show the 2 variants of this design. The primary difference
between the 2 versions is the sting diameter, tail design, and how the fixture holds
onto the model. The first version (Fig. 11) was designed for a 0.375-inch-diameter
sting and had a small tab that fit into a receptacle on the tail fins. The second version
of the release mechanism (Fig. 12) was designed for a 1.0-inch-diameter sting (with
balance) and grabbed onto the tail fins. The tail assembly was redesigned after the
first series of experiments to accommodate larger AoA.
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However, the configuration shown in Fig. 12 was only able to achieve the same
+7° operating range as the earlier design due to interference with the balance
highlighted in Fig. 10.

Body Tab Receptacle

Loops for Sting == |

Fixed Component
Attachment ed Compone

Sting

Interference

Component Depression for

Ball-nose

Fin Engagement

Depression for

Tail Assembly Ball-nose

Fixed Component

Interference
Component

Fig. 12 Exploded view of the subsonic wind tunnel model release, balance configuration
7. Transonic Wind Tunnel Release Mechanisms

The model release for the transonic wind tunnel needed to be more robust than the
subsonic version. To meet this objective, the rig needed a better system of engaging
and releasing the model. The key difference between the subsonic and transonic
tunnels, with regard to the deployment fixture, is the transonic wind tunnel crescent
(Fig. 13). The crescent is a component of the transonic wind tunnel and is used to
adjust AoA, but was set to 0° AoA for these experiments. The deployment fixture
must adapt to and not interfere or damage the crescent. As with the subsonic
deployer, the goal of this design was to minimize the flow disturbance caused by
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the fixture. Since the crescent already obstructed the flow in the vertical plane, the
deployment fixture was designed to be tall and narrow as well. The height was
determined by the interference between the crescent and guide rails.

Crescent Fixed Guide

. Wind Tunnel

4 Crescent

Sting

(
9° Interference h B -
Component

Sting-Crescent

Locking Bar Adapter

Fig. 13 Exploded view of the subsonic wind tunnel model release, balance configuration

The model release has several components: a crescent-fixed guide, translating
interference assembly, 4 metal guide rails, and a locking bar (Fig. 13). The
interference assembly consists of the model interference component that bolts onto
a nylon guide that slides on the sting and attaches to 4 guide rails. The interference
component holds the model predeployment and can be rotated in 90° increments to
adjust initial pitch or yaw angles (positive/negative). Three interchangeable
interference components were made corresponding to initial body angles of 0°,
4.5°, and 9°, respectively.

The transonic model release relies on a locking bar as its locking mechanism. To
lock the model, the translating part of the fixture is moved into position and the
interference component engages the model by gripping between the fins identical
to Fig. 12. Then the locking bar is pushed upward to wedge itself between the
translating and fixed parts of the release mechanism. A string is tied around the
locking bar and routed outside the tunnel. When pulled, the locking bar drops down
into a slot allowing translation. The 4 guide rails prevent the translating components
from rotating relative to the fixed components. Figure 14 shows locked and
unlocked views of the release mechanism.
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(c) (d)

Fig. 14 Isometric view of the a) locked and b) unlocked model; cross-sectional view of the
¢) locked and d) unlocked model

8. Experimental Performance

Prior to any experiments, aerodynamic roll damping (K;) and bearing friction (K,)
were estimated using a parameter estimation approach on Eqg. 1. A mass of known
weight was hung from a string and wrapped around the model in a roll-only
configuration such that it provided a constant torque until it separated from the
model. Roll encoder data were collected as the model accelerated and decelerated.
Given the physical properties of the projectile, the dynamic friction and roll
damping coefficients were varied to match the collected data. Figure 15 shows good
agreement between the measured and simulated data. The bearing friction is
assumed to be the same for the pitch and yaw axes, which is a safe assumption since
all axes use the same bearings and all bearings were worn in for 10,000 rotations
prior to installation.
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The subsonic wind tunnel experiments were conducted in a continuous flow wind
tunnel at Mach 0.2 from 11/13/2014 to 11/25/2014 and 63 runs were completed.
Five runs were completed using the instrumented balance (Fig. 10) prior to wind
tunnel failure on 6/19/2015. A full test matrix can be found in the Appendix. The
model and deployment mechanism functioned as designed and usable data were
recorded via telemetry and onboard storage to an SD card. Balance data were
collected via LabView. Once all the desired subsonic runs were completed on
11/25/2014, we wanted to move on to the neighboring transonic wind tunnel.
However, concern was expressed regarding the survivability of the model on a
0.375-inch-diameter sting. FEA analysis shown in Fig. 7 was only done for
subsonic wind tunnel loads. Stress calculations were performed onsite using Eq. 2
for a cantilevered beam with the load estimate in Table 1. While these calculations
showed the 17-4 stainless steel sting would not yield under the estimated load, no
deflection calculations were performed prior to the transonic run.
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The blow-down transonic tunnel was set for Mach 0.6 and resulted in extreme
model deflections and balloting. High-speed video imagery in Fig. 16 shows the
extent of these deflections. Despite this extreme motion, no apparent damage to the
test article, sting, or tunnel was observed. This led to the development of the larger,
stiffer sting previously outlined.

(a) t=1.91s (b) t=7.13s (c) t=7.33s

Fig. 16 Select high-speed video frames of the subsonic model in the transonic wind tunnel,
Run 63

Four runs were done in the transonic tunnel with the larger sting on 6/19/2015. The
first 3 runs were roll only and demonstrated open-loop roll control. The model was
set in the pitch-only configuration for the last run. The program attempted a series
of open-loop pitch commands followed by close-loop pitch control with the goal of
0° pitch angle. Once the program attempted the close-loop portion, the model was
driven unstable. After 5 consecutive forceful model-sting impacts, the CAS
separated from the model resulting in catastrophic failure (Fig. 17). Following this
failure, a metal control section was fabricated to increase the robustness of the
transonic fixture to successive sting impacts. The model now has metal interfaces
between all joints.
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Fig. 17 High-speed video footage of the transonic model failure, Run 72
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Fig. 18 Sample data from the subsonic wind tunnel experiments
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Another series of experiments were conducted in the repaired subsonic wind tunnel
and transonic tunnel from 12/7/15 to 12/16/15 with the improved model. Earlier
experiments in the subsonic tunnel were repeated with force-moment data collected
including full 3-DOF open- and closed-loop controlled experiments. Figure 18
shows a sample data set from a typical run consisting of 3 phases: a free motion
section where the model is released from a known angle and allowed to oscillate,
an open-loop section where the canards are driven to increasingly larger angles, and
a closed-loop section that shows improved performance over the open-loop
response. Figure 19 shows the model in the subsonic tunnel with the force-moment
balance and drag and normal force data. Specific canard deflection angles that
produce dynamic stall oscillations were also investigated in the subsonic tunnel.
The plot on the left of Fig. 20 illustrates this phenomenon with the canards at a
fixed constant angle and an oscillating body.

0.8 135
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—Fit
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Argle of Altack (deg) Angle of Altack [(deg)

Fig. 19 Three-DOF wind tunnel fixture in the subsonic wind tunnel (left) and balance data
from Run 99 (middle, right)
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Fig. 20 Subsonic dynamic stall experiment, Run 97 (left); open-loop pitch experiment in the
transonic tunnel, Run 105 (right)

Roll only and pitch only experiments were conducted in the transonic wind tunnel
during the same timeframe. The changes to the model resulted in a more robust
design that was tolerant of model-sting impacts even at higher Mach numbers.
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Transonic experiments were used to evaluate different control strategies for
mitigating the effect of actuator delay on performance as well as asses CAS
performance and state estimation algorithms. The plot on the right of Fig. 20 shows
an open-loop pitch response for a typical transonic wind tunnel run.

9. Conclusions and Future Work

Modeling and experimental factors will continue to be analyzed to improve the
discrepancies between the model and experiment. One such discrepancy is
highlighted in Fig. 21. The 2 types of feedback data collected, high-speed video
analysis and encoder data, show good agreement with each other despite being
measured from different reference frames (i.e., inertial and body fixed). This
suggests the discrepancies between the model and experiment are due to modeling
errors, although experimental errors cannot be ruled out completely.

Model Response - Run 99
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Fig. 21 Model predictions compared to experimental measurements

All the goals established at the outset have been met and represent, to my
knowledge, the first model-driven wind tunnel fixture with an internally housed,
fully instrumented 3-DOF gimbal. While the models presented in other
literature'®-18 are remarkably similar, the gimbals enabling the 3-DOF differ greatly
(see Fig. 2). All other requested features have been included, such as onboard data
recording, telemetry, controlled model release, and axes agnostic locking
capability. This fixture will serve as a useful platform for future experiments with
this and other comparable munitions as well as scaled designs.
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Appendix. Experimental Test Matrix

This appendix appears in its original form, without editorial change.
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Run Tunnel & Degrees-of- Initial Initial Initial Canard Mach  Control
Number  Configuration Freedom Pitch (deg) Roll Rate Deflection (deg)
(H2)

1 Subsonic Roll Only 0 0 4 0.2 off

2 Subsonic Pitch Only 7 0 4 0.2 Off

3 Subsonic Pitch Only 7 0 4 0.2 Off

4 Subsonic Roll-Pitch-Yaw 7 0 4 0.2 off

5 Subsonic Roll Only 0 0 0 0.2 Open Loop
6 Subsonic Roll Only 0 1 6 0.2 Closed Loop
7 Subsonic Roll Only 0 0 0 0.2 Open Loop
8 Subsonic Roll Only 0 0 0 0.2 Open Loop
9 Subsonic Roll Only 0 0 0 0.2 Open Loop
10 Subsonic Roll Only 0 0 0 0.2 Open Loop
11 Subsonic Roll Only 0 0 0 0.2 Open Loop
12 Subsonic Roll Only 0 0 0 0.2 Open Loop
13 Subsonic Roll Only 0 0 0 0.2 Open Loop
14 Subsonic Roll Only 0 0 0 0.2 Open Loop
15 Subsonic Roll Only 0 0 0 0.2 Off

16 Subsonic Pitch Only 7 0 0 0.2 Off

17 Subsonic Pitch Only 3.5 0 0 0.2 Open Loop
18 Subsonic Pitch Only 7 0 0 0.2 Open Loop
19 Subsonic Pitch Only 7 0 0 0.2 Open Loop
20 Subsonic Pitch Only 7 0 0 0.2 Open Loop
21 Subsonic Pitch Only 7 0 0 0.2 Open Loop
22 Subsonic Pitch Only 7 0 0 0.2 Open Loop
23 Subsonic Pitch Only 3.5 0 0 0.2 Open Loop
24 Subsonic Pitch Only 3.5 0 0 0.2 Open Loop
25 Subsonic Pitch Only 3.5 0 0 0.2 Open Loop
26 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
27 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
28 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
29 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
30 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
31 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
32 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
33 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
34 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
35 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
36 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
37 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
38 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
39 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
40 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
41 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
42 Subsonic Roll-Pitch-Yaw 3.5 0 0 0.2 Open Loop
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43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Transonic
Transonic
Transonic
Transonic
Transonic
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance

Roll-Pitch-Yaw
Roll-Pitch-Yaw
Roll-Pitch-Yaw
Roll-Pitch-Yaw
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Roll Only
Roll Only
Roll Only
Roll-Pitch-Yaw
Roll-Pitch-Yaw
Roll-Pitch-Yaw
Roll Only
Roll Only
Roll Only
Pitch Only
Roll-Pitch-Yaw
Roll-Pitch-Yaw
Roll-Pitch-Yaw
Pitch Only
Roll Only
Roll Only
Roll Only
Pitch Only
Roll Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Yaw Only
Yaw Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Roll Only

3.5
3.5
3.5
3.5

5.4
8.6
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0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.6
0.6
0.6
0.6
0.6
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Open Loop
Off
Open Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Open Loop
Open Loop
Open Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop



91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111

Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance
Subsonic, balance

Roll Only
Roll Only
Roll-Pitch-Yaw
Roll-Pitch-Yaw
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Roll-Pitch-Yaw
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
Pitch Only
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0.2
0.2
0.2
0.2
0.2
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0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
Closed Loop
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List of Symbols, Abbreviations, and Acronyms

AOA Angle-of-Attack

ARL US Army Research Laboratory

CAS Control Actuation System

CG center of gravity

DOF degree-of-freedom

FEA finite element analysis

GEU Guidance Electronics Unit

GPS global positioning system

IC integrated circuit

ID inner diameter

ISL French—-German Research Institute of Saint-Louis
mm millimeter

NASA National Aeronautics and Space Administration
oD outer diameter

SD Secure Digital
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